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PREFACE

In recent years chlorine dioxide has been found useful for a veriety
of purpcses including the bleaching of flour, textiles and grease and as
a water treatment resgent.

Llemental chlorine hes been found to be the most useful of dis-
infecting chemicalsgqf:;‘%ﬁater or waste water; however there ere sone
disadvanteges to its use. Its initial hydrolysis produet, aypochlorous
acid, dissociates to yleld the relatively poor disinfectant, hypc-
chlorite ion, Also the hypochlorous acid rescts readily with some amino
type compounds commonly found im water tc form a chiorine-amine systom
vhich i3 a poorer disinfectent than hypochlorcus ecid. Despite the
dissociation or formation of chlorine-amine compounds chlgrige reusing
the disinfectant of choice :ln most instaxres. Ilowevey, when ° pizenols"
are present the chlorine reects with the "phencls™ to-Porm ciﬁemhenols
which are odorous; in fact so odorous the vater may be unpelatable, It
has been observed repestedly that chlorine dioxide seame to dssitroy, in
meny cages, . the chlorophenols reducing or eliminsting that odor problem,

Chlorine dioxide iz a rather unstable ges at ordinery conditiome
end is quite soluble in water. It zay be prepared in & nuxmber of ways;
for water works practice, the generation iz ususlly by means of mixing

agueous solutions of chlorine and sodium chlorite, This paper is a report

of the study of the reaction betwesen hypochliorous acid and chlorite ion

which, under the condition of the experiments, yielded chlorine dioxide,
chiorate &nd chloride, It was found possible to use the ulirs=-violet

!
3
range of the spectrophctometer to trace the course of the resction. 3” »

Other meens were aleo used to messure the varicus species of chlerips ~i .
present., The experimentsl work made.posaible the determinstion of the

o

reaction kineticz under a variety of conditions, the activaticn erergics
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4 8180 a reascpabie deduction of the reaclion uschanism,

The work was conducted by Dr. ‘ervin L. Granstrom, Dr. Bernard li.
Iegrael, Dr. V., Brevwster Snow and “iss :!. E, Lynch in the Sanitery
Engincering Laboratories of the Department of Civil Engineering, Rutgsrs
University, ilew Brumswick, .lew Jersey. The work was supported in part

by research grants 1ISF G9707 and Army Chemicel Center Grant DACHL 18 1081G26.
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CHAPTER I
INTROPUCTION

Chlorine dioxide as used in water works practice is generated at
the place of use by mixing aqueous solutions of hypochlorcus acid and
scdiunm chlorite in s reaction vessel termed a generator. Little is known
of the resction in terms of kinetics, yield, or mechanisms, It is the
purpose of this resesrch to seek this information,

¥ithin a pH range of 3.5 to 5.5 almost all of the chlorine present
is in the form of hypochlorous acid and the chlorite in the form of
the ion(l). Thus the reaction may be indicated by Equation 1.

gHOCL + hC10z™+ p C102 + g Cl0,” + rCl, (1)
It was necessary to determine the values of g, h, p, q and r, Under
certain conditions the reaction is sufficiently slow to sllow tracing
of sbsorbancies due to hypochlorous acid, chlorite and chlorine dioxide
vith time uvsing the ultra-violet range of the spectrophotometer. C{alcula-
tion of concentration of these three molecular species at various times
was then possible. Tracing the concentration with time of chlorate or
chloride was not possible; however, concentration of these two letter
species could be measured at the completion of a run. It was found thet
the relative values of g, h, p, q, and r remained constant during thne
course of a single run, but did change with experimental conditicus.

Also with the concentration-tinme informetion on hypochlorous
acid, chlorite and chlorine dioxide it became possible to estabdlish

kinetic equations. The reaction rate is described by Equation {2).

afcas,] . .o
at " Kepp [HOC1)"{c10,™) (2)

The ka the apparant reaction velocity coefficient, is affected

DDy

by pHl and by buffer concentration; the effect of each on the kapp vag

determined. Furthermore each of the several components of kapp were
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affeated by temperaturs so activation energics wers datermined; Since
the stoichiometry of Equation (1) was ressonebly well supported by %
measurement and the need of oxidation-reduction valance apparent, it
became possible to sugzest a certain reaction mechanisnm.

The experimental procedures, methods and results of deta analysis,

the proposed mechanisms and reaction thermodynamice are described in

detail in the succeeding chapters of this report.

R
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CHAPTER 2
EXPERIMENTAL PROCEDURES

In this section is included a discussion of the reagents, equipnent

used, the analytical procedures and the actual conduct of the experimesuis.

A. Reagents

1. Organic Free Distilled Vater SO.F.D.Z

The preparation of weter suiteble as a sélvent for any of the
oxychloro species was one of the most troublesome problems, The
procedure adopted involved the redistillation of regular distilled
vater from acid permanganate (17 conec,li;S0, and 17 KMnO,), the
permanganate being effective in removing volstile amines. The
distillate traveled through a long vertical column conteining glass
beads ond wrapped with asbestos. It was necessary to use a heating
tape near the top of the column in order to break the continuous
film of water from the distillation flask; otherwise, there vas
creeping of the permangsanate and the distillate would contain adbout
10~7t! of the oxidizing agent.

2. lypochloruus Acid (10C1)

Bypochlorous gcid was prepared according to the method of
Zimmernman and Strong (2) by saturating water with chlorine ges,
neutralizing to a pll of sbout 5 with sodium hydroxide, and distilling
under reduced pressure at & temperature of <15°C, using a cold finger
submerged in an acetone - dry ice trap. The first distillate was
rejected and the succeeding ones were collected, Silver sulfate
vas added to the distillate to precipitete the remaining chioride
ions, the mixture wvas shaken overnight, and ¢h2 solution was redistilled,
the first distillate again being relected. Previous experiemce has
demonstrated the need for rejecting the first distillate in cach

distiliation. This procedure yielded s distillate which gave a

-
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and elso & nepative test for sulfete ions when barium chloride
wes added, A soluticn of about 0.05! hypochlorous acid resulted
vhen this procedure was.used for its preparation, the concentration
being dstermined icdometrically using thiosulfate with starch
as the indicator,
3. Chlorine Dioxide SC}.OE!

Chlorine dioxide was prepared accoxrding to a method of
Granstrom and Leeu) by dissolving U grams of sodium chlorite in
S0 ml distilled water in the reaction vessel -~ to this wes added
& solution of 2 grams of potassium persulfate in 100 ml aistilled
veter, High purity nitrogen gas (Linde) was used to sweep cut the
chlorine dioxide formed; this 232 - Cl0, gas mixture was passed.
through a dry sodium chlorite column to remove any traces. of
hypochlorous acid which may have been formed; next, the gases
were pagsed into & trap to remove any sodium chlorite Mt'shieh
may have baen carried over snd finslly the- euzqrige loxide vas
collected in cool O.F.D. water. The temperaturé of the receivinz
solution was kept from 0-10°C, by ill\erlingtke eentaiurinn. o
beaker of crushed ice; this incresses the nolubility of cbluri.negliox-
ide. A solution concentration which ranged from 2 to 10.x 1573M,
could be prepared thus, the resulting comcentration heingeetérama

iocdometrically et a pH of 1 to 1.5.

k., Sodium Chlorite Selutions
The most important concern in tho preparation of sodiua
chlorite solutions was the purity of the salt. Finully thoaom:lows | -

were prepared from an anﬁfcice,l M nsteri;l vhteh. on 1oawtr£e

i

analysis, vas 98.2% pure. Sodivm- chlorite salk {anslyticn/

apparently deteriorates mors rspidly than a.;..icipatea (3) ‘The . |

1
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‘salt on :oui ‘shelf yieldad sbout 85% chlorite whereas two years ago
the salt was about 98% chlorite, Attempts to recrystallice the
sodivm chlorite using the method of Veiner % were somevhat
disappointing; apparsntly we could increase yield to only about
92%, However, a fresh sample of sodium chlorite (98+%) was
obtained from the Olin Mathieson Co. A private communication
from Dr. Max Metziger of that company provicad us with procedures
for further repurification which we dic¢ not believe necessary. See
Appendix A for procedures.
5. Buffer System

1t was decided to use a phosphate buffer system--some of the
organic systems which are appropriate in this pH range especially
acetic acid--acetate msy react with the ozychloro compounds present,
It is not likely that this phosphate system would be thus affected.
Also some previous experience showed that at a wmolal concentratiocn
of 0.1 or more the phosphate buffer asystem would hold the pi constant
under the experimental conditicns anticipated in this reseaxch,

It was decided tc hold the ionic strength of the reaction at
0.3 using molal concentrations throughout. This necessitated
evaluation of the ionic strength of the buffer systems as described
balow:

1) 1In the concentration regiocn of iateraést, i.e.

0.1~0.3 molal, the pH of a K PO, solution is about 4.\,

Thus to obtain pH of 5 it would be necessary to add KHPO, .

The relative amounts of H PO,  and nro: at & pi of 5 may be

calculated thuss +

HZ'Po‘i s n o+ nroé'

(3)

(4}




or at a pH of 5,

wo,”} K, TS5 20-° | ) ’
[A,P0,"] (H ] 1x 10

or about 99.257 of the total system is in the form of HpPO,".

Sinee the selt KHpPO, dissocistes, KHoPO, T K* + HyPO,", into
two monovalent ions, the ionic strength is equal to the concen-

tration. Thus, st a pH of 5 the fonic strength ofun HP0,” - HPO”
systen can be considered to be equal to the concentration: of the
KH PO, salt. i
2) Similarly to obtain a pH of ssy 4, HyPO, would:be added
to the XH,PO, salt.
The relative coacentrations of the acid and the salt
could be calculated as follows:
HyPO, T HPO™ 4 u* I s)

#,p0. "] (6" . o
K, = [ 2 ]< : == 1,1 ::’-1_«_)"£ ’ {6
[agpo.,]r - -

. .:or st a pH.of b, - R A

(#20.°) K, 1.1 x10°2
A e ® Ll x 106

“aav] @] 1x20° |
or the salt concentration is 100 times the scid éeqeontrgtgén. =

Thus the ionic strength of the n‘a'pb;-;-z{ué?o,’. systea could be.

3
A

considered equel to the concentration: of ehgxnzpou a1t

SOt oA AR MO
o Ty

To prepare the buffer systems to be used, either ;ns-ﬁg; or

Ryt oo
(ST

KZHPO“ solution was added to the XH,FO, solution. *A"f :é'iéh“ of :"

the reaction pH's {4.2, 4.5 or 5.0) three dirforcnt bnrfer
concentrations would be used in the: x-eaetion mz, wely 0 o8

0.2 and 0.3 molal, Since the buffer concnﬁution stftcta t}c

ph. ,.— gr ,fim, t concentrated ‘Buffers: wcre—*:;_"f 'f‘j: i ad




B. g_m_ The equipment in this research imcluded:
1.

2.

3.

_-6f thiea: each of ths sets having a nominsl pH. Thus, for a
_given 'jsu‘ the appropriste concentrated buffer would upon dilution
yield that pH wvalue, At & different dilution of that comcentrated

buffsr the final pH would be different. To avoid this, the pH
of the concentrated buffer vas adjusted slightly,

All other chemicals used were resgent or anslytical reagent
gude except those as described previously in this section.

-Cery :Recgrding Spectrophotoneter Model 115 with a hydrogen
discharge laxp. liatched pairs of 1,00 and 10,00 cm silica

cells with ground glass stoppers were used; cell corrections
were masde vhen necessary.

Becknan, :lodel G, pH meter
~Fisher;, Type S Potentiometer with silver-silver chloride and
calomel electrodes. The calomel:electrode was physically
connacted to the solution under anrlysis by a potassium nitrate~
‘ager U tudbe salt bridge.

Precision Scientific Co. constant temperature water bath
{circulating system) was used when the reacticn temperature

‘was above smbient, The water was circulsted using e Fisher
Circulating Pump, lodel B~l. Vhen reaction temperature was

less than ambient the contents of the water bath were coolsd

by circuleting cold water through the ép’ila. This cutside

cold water was iteelf cooled by subnierged coils vhich were

in effe‘ct the remote coils of a refrigerstor.

The gggtignal apperstus used in conjunction with the

grocédiires in this Fegort, outside of the apparatus described,
wure, ‘for the nost psrt, of thie sinple laboratory equipmént type.




Pravious experience indicated that very accurate values of molar
absorptivity were ngeded to trace the reactions of the regearch., Also
previous experience revealed the extreme difficulty of sbteining
repliciticity of these values, However, mcw it dppears that a

satisfactory system has bsen established. The spectia of hypochlorou

acid, chlorite and chlorine dioxide are shown in Appcndgx 8.

Celinction of. Calibration Data

The resgents and buffers were prepared ag described inm Sectiom A
and concentration determinations of the oxychloro spscies were done
using the fcdometric technique with thiosulfate and stazch indicator;
The pH values used were approximately 4 for hypochlorous acid and 1.0
to 1.5 for chlorite and chlorine dioxide. Spectrs:wsre taken using:-a 7
Cary Recording Spactrdpliotometer Model 11S. Beciiusa -of the: relstive
instability of these oxyciloro compounds, it was necessary zo&icm
concentration by titration simultaneously with the apcctmtuciﬁg. -
This vas repeated numerous times with each species undsr a va:icty .éﬁz )
the typleal conditions which will be used for the kinmetic runs. - Thit
is, pH 4.2 to 5.0, buffer concentration 0.1 to 0513};916}, and foeic
strength up to 0.3 molal using sodium sulfats. - | L
b. Apelysis of the Dats

As anticipated the wave lengthis of maxiwum sbeorbancy wers 235,260,
and 357 mp for hypochlorous -acid, chlorite ion and chioﬂm dioxidc

respectively., At 238 myu the spectrum -of chlogite. 1; an 8 nuey.

vheress at 235 my tho spectrin is: ruaug uoeply. :-x




a.

BEATCLRG For BUBCIPLAVALY Veiue decerminations were 230, 200
and 37 sy, The values obtained for each of the oxychloro
spscies at each of the three wave lengths are shown in Teble 1.

TARRE.2.
Molar Absorptivities of HOC1, C10;™ end CiC;
Vave Lasgth Chlorine Chlorite Hypochlorsus
- Dioxide Ion Acid
238 1ko €6 102
260 ks 155 1]
| 357 1242 bob 1.7

¢. Expsrimentsl Difficulties
Stock solutions of chlorine iioxide proved %o be

sotievhat unztable and were alvways prepared on the day of use
&nd stored at religerator temps ature when not in use., The
instability of chlorine dicxi years to derive from its
vb;a@inty at an air-vater interface. Dilutions in sioppered
Cary cells showed no evidence of lighteactivated dclomposition
in the gpectrophotometer with time. Therefore, the precautions
taken bear only on the calidration: runs and will not affect
the absorbancy readings on chlorine dioxide deing produced by
reaction with the Cary cell.
Analysis of Calibrstion Deta

Using this simultunecus titration - ebsorbancy tracing
procedure, it vas determimed that solutions of chlorine dioxide
f61low Beer's lav up.to a concentration of 14 x 10™' molar.
There was sowe indication thet at higher concentrations the
sbsorbancy tends to. fall belov this linear rilationship. This
wes- 5ot -investigated since. concentrations of chlovine dioxide

higher thea this value were not gensrated in this research.

'”E
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2.

=10~
In the final determination of this adhereiice %0 Beexr's

daw, only replicated data at each of five concentrations wes
used. Theredby the reproducibility of both shacrbancy &nd titrated
molarity could te exprosged, Finally, e lsast squares fit of
the replicate dats wes calculated as follovs:
A = 0.00k3 + 1236 C

wiiere A is the recorded abzorbancy at 357 mu and C is the molar
concentration of chloriné dioxide, This linesy relaticnship
passes through the cross st each concentrstion formed dy lines
extending horizontelly and vertically oni standard dév'ﬁtim
from the mean absorbancy = rean molar concentration.

Since this relationship neerly approaches but doss not
exactly pass through the origin, it was feit that fuoriher
refinement vas not verranted but thet s mean value of 1242 gould
be considered, OUnce the experimental aifficulties were resolved
it ves possible using repiicate diiutions of e aingle coneentm%w
to obtain molar sbsorptivity ulues vith aversge deviations of d
7,
licasurements_of Chioride and Chlorate o

‘Use-Of potentivnétry wes mide in.cnolysis of thw-forms ct--cﬁiggixge
in the system at the completion of a run. The equipuent inelmd
a Type S Fisher Potentiometer, s calomel slectrode vessel, snd a
silver-siiver chloride electrode. The calomel electrode vessel
consisted of an sger salt bridge and a saturated mercury calomel
electrode, The sgar salt bridge(3) consists of a serrov Ussbsped

tube f£illed with a gel of saturated potassiue nitrate in.agar;. .
This gel is prepaved by hesting 30 gn. potassium. n:ltrati, 3 gn v
sgar and 100 ml. of d18tilled water gently, wnti) allibis: iane .
into solution and uthensoluticn is c};aar. Mﬂnh WS ccrﬂcd 3
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out. by impsvaing the silveresilver chioride eolectrods and one end
Ofthﬂ ealt “&Mé'fs‘e‘ in & beaker containing the soiution of chlioride

to be titrated end titrating with silver nitrate, The normelity

of the silver nitrate was previously determined using this

yotentiowstric titration with e chloride solution as a primary

standard,

Two types ¢f reducticns were carried out on the system at

the compietion of & rua and the reduced solutions were titrated

potentiometrically for chloride.

1.

2.

The chloride formed as a product of the reaction was determined
by the reduction with hydroxylemine sulfate.(l) The following
procadure wes used: IDqual amopunts of each half sample were
mixed and allowed to react for the same length of time that

the reaction had been traced in the spectroprhotimeter rum,
wenty-five ml. of hydroxylamine sulfate solution (0.1M) was
added ané the resulting solution titrated potentiometrically
with a silvér nitrate solution of known concentration. The
calculations and discussion of these data are described in
Section F of Chapter 3.

Amajgamated zinc in a Joues reducter colummn served as the
reducing agent to reduce the chlorete in the system to chlorme,(s)

Tip analgamated zince for use in the reductor column is prepared

as tollcm:(?) Add 300 md, of & 2. mercuric nitrste solution

+ emd 1,5 ml, of concentrated nitric acid to 30C gm. of pure

20 mesh tinc in a beaker. Stir the mixture thoroughly for
5 to 10 Einutes, then decant the solution from the zinc and

vash 2 or 3 times by decentstion. Fill the reducter tube

‘with vater, then add the zinc slowly until the column is

completely packed. VAsh with 500 ml. of distilled water,

— r—*'—m:‘ " RSl N . ) — ——p
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using gentle suction,

The following p'rdcbdure(ué) -wae- uséd'for.aiielysis of the
mtxtu.r;- for total amount of chlorine present in all forms at
the end of the reaction. Equal amounts of each half sample
wver mixed and sllowed to react for the same length of time
the resction wag followed in the spectrophotometer. Fifty
ml. of 4 sulfuric acid and 7.5 ml. of C.1 M sodium molybdate
vere added to this snd the solution passed through the Jones
reductor column. The column, reaction beaker and filter flask
vere washed three times with small portions of distilled water
and these washings added to the filtrate, The Mo***, meking
the solution green, was oxidised to Méo"' (colorless) by
dropwise addition of 0.1l potassium permanganate solution. The
PR of the solution, which was initially around 0,3, was then

adjusted to 1.5 with solid dibasic potassium phosphate.

The solution was titrated potentiometrically with silver nitrate.
The calculations and discussion of these data are- described
in 8ection F of Chapter 3.

D. Zemperature Control

Because reaction kinetics are usually temperature dependent

it ves necessary, in the course of these experiments, to méintain
constant reaction temperatures. For this purpose the fcllowlig
equipment and techniques were. used,

1. Lsborstery

All épectrophotometric cbservations vere made in én aif
conditioned laboratory. 1The ambient _

éTature vas about

22°C snd thre variation during a day wes less than- 1°¢c. o
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2.

3.

4.

ware brought te reactiew
temperature by placing in a water bath kept at that temperature.
The nominal temperatures used in these experiments were 12,5°C,
23.1°C and 30.3°C.
Cell Chember

The cell chamber of the spectrophotometer has inciuvded
within its wall, coils through which water from the water bath
can be circulated. The liquid contents of the cells were
usually 1°C warmer than the temperature of the circulating
wvater.
llater Bath System

Temperature control of the circulating water was maintained
by use of a water bath equipped with a mercury column thermostat
and heating coils. An integral pump circulated the contents
of this bath through the spectrophotometer. When the reaction
temperature was less than ambient the contents of this water
tath were cooled by pumping cold water through coils submerged
in the bath. The source of cold vater was a tank into which
was submerged the coiis of a refrigerator.

The tempsrature range of the water circulatiag external

© - to this system, i.e. through the spectrophotometer, was less than

E.

0.5°C after equilibrium was established.

The t;mpeiature recorded for a given run was the aversge
of the temperature at the beginning and at the end of the run.
The tempsrature at the beginning of the run was taken of the
reaction solution at the time of aixing. The temperature at the
end of a run was tsken by inserting a thermometer inte the
contents of the cell,
Making A Run to Trace The Concentrations of Hypochlorous Acid,

Chlorite and Chlorine Dioxide ~ The step by step proceduxe used in
the collection of the spectrophotometric data is shown as follows:

e e s - - — e T PG T 0 o e—reamppemmpCpes
= g

e S et e e St e




2.

3.

5.

6.

Senarate sitook solutions of hynachloron
chlorite were proparcad and the concentirations dstsrmined
icdometrically.

#liquots of these stock soclutions were taken to prepsare
each half sample and the buffer or buffer 2lectrolyte

vag added,

The conceatration of each half-semple was dztermined
spectrophotometrically.

Equal volumes of the two solutions vere mized intimately

at time zero,

A portion of the mixture was pipetted into the cuvette
(either 1 em. or 10 cm.) which waz then put into the
instrument. The blank céll contained &ill of the mixture
conponents except the reactants,

The drive mechanism of the instrument wes tuzned on.after
the reaction cell vas in place, and the time of the
reaction was noted. Because the scan speed of the instrunent
is known, the time at any point on the tracing can be
determined, A tracing of the absorbsicy at a given

wave length ve, time or absorbancy vs. wvave length was
obtained for eack run., It was decided to repeat the
experiment at esch of the three wave lengths, 357, 260, and

238 ry in order to trace the reactions. This proceilure

was followed in Runs 8, 14, 19, 20, 24, 25, 27-31, L43.86,

84-92 these runs were designated A, B, and C mspect:lw.tly.

Kowever, experience showed that when the reaction is

ra

reasonably slow, i.e. time of compietion > 15 minutes,
it would be rossivle to coliect enough readings for each

of the threes wave lengths by scanning repeatedly fron
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220 to WOw: . Thiz wes astomplished by reversing the

R T

direction of the drive mechesais:: when cither the 220 oz
360my wave length was reached. The times were noted on
the tracing, snd it was dpserved that a scan from 380 to

220mn could %@ taken uvery L0 seconds, or faster, if desived.

_ Thin procedure was Zcllowed i Runs 3 end 4 ang thess nms

vere designaded as I ruis. lHevertheless, this procedure ves

discontinued after Run b in favor of the A, B, C Runs

‘becauze of the lengthy procedure necessary to calculate the

cowponent concentrations. The computational techniques i
used to convert the spectrophotometric tracings to concen- i
trations of hypochlorous acid, chlorite and chlerine dloxicde
are shown in Section A of Chepter 3.

Check on the Reaction Between Chlorine Dioxide with
Hypochlorous Acid or Chlorite

In addition to the actunrl kinetic runs', sSevéfal panellel
runs vere made by teking separate mixtures of each
component &nd chlorine dioxide. These were prepared in
order to check if.gny resttion took.place between them.
These dual reacticn studies vere done on solutions of chlorin:
dioxide cnd-chlorite - mdtef hypochicrous: “ctd ~“nd chlorine’
dioxidu: :The Fesulbgiobtuingd fros: these.stidier indicrted
thit cny rerction bétésen euch rerctunt :nd the product is
very clow::ind-thérefore, neglizible in comperisen with
the r.te of re:ction of chlorite 'nd hypochlorous ccié, Thig
is invsgréement with the work.of Flis et 3-&1(8} vHo foun! that
the recetion of hypochlarous :cid end chlorine dioxide 15 vevy
slow :nd thereford; would.not contribute significintly to ithe

overtil recsiion of hjpochiorcus weid &né chlorite.
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Experimental Difficulties

There were several experimental difficulties with
vhich there was concern. As described above in Section C.c.
¢f this chapter the volatility of chlorine dfioxide is
igh - this gave some difficulty in the deternination
¢f the molar absorptivity. However, by gimultaneocus
titration and spectrophotometric obscrvation, repliciticity

w23 noted,

Tha rate of the reaction vhich is described by
Cyuation 1, ia pH dependent - this necessiteted the use of

o wlx—&%oﬁ’v@ﬂ 2t e - e g AT e s R R R BT T W T e
¢

g2 buffer systen. The buffer systenm affected the reacticn
rate; consequently buffer concentration becams another
variable to be considered tripling the mumber of suns
nacessery.

As will be shown in Chapter 3, computation for the
conoentration valuese of hypochlorous acid, chlorite and
calorine dioxide necessitates the solution of three
simultaneous equaticns., The molar absorptivity values
shown in Table 1 are coefficients in these equatioms.

The very similarity of absorptivity values of the three
components at the 238 and the 260 ru wave lengths results
in computational difficulties. A slight error in the value
of molar adbsorptivity or of the obiemd absorbancy is
megnified consi(ienbly in fingl values obtained of the
concentration hypochlorous ecid, chlorite and chlorine
dioxdide, The nanpers of adjustments of the data are

dineribed in Chapter 3.



come 100 kinetic runs were made.
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CHAPTER 3
ANALYSIS OF DATA

Durin;; the course of the experimentation for this research,

In additiun, measurements for chloride

/nd chlorate formation on ell but the first 23 runs vere made. Unfortunately

<he date from sll the runs vwere not usable
ta to Con ation V. for

From the tracings obtained om the spectrophotometpr ' charts during

‘he conrzs of a resction, sbsorbancy data at designated times st 238, 260,

-nd 357 2y wers picked off of the tracings and tabulated. Cell correction
M%!‘

relues vore applied and the final values of absorbancy at each of the

~hyree weve lengths were plotted against time,

£ smooth curve was dravn through the points.
From these curves,

A typical run might

‘4eld a set of curves such as shown in Pigure 1.
bsorbency valuss at each of the three wave lencths could be selected at

»

ny time, L
L7 387mp
7
ahsorbaacy | " . e

s : 238m,
P R . ——— N .26m“

- Time=idir. m

FICURL

Absorbancy Values vs. Wime, at Wave Length Iudicated
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It har been shown that the total absorbancy at any wave length is
due €5 the sum of the abgorbancy of the various cpecies in solution. Thus,
{he £91lowing equations may be written:

A228 * ©238_c10p (c10,] « €238-c10, = [C20,7) ¢ €538 yocy [HOCL] (1

A

200 ” “260-c10, [c10,1 + “260-c105" (020,71 + €260 nocy [HOCL] (8)

‘.7 7 357010, [C202) + e357.;nq = [C20,7] ¢ 557 oy (HOCA] (9

ie wkich

A = abecrbancy

> = molsy absorptivity

{] = moler comeentration —
the sibscripts refer to the vave length and species indiccted. The velues
7 4hr moler cbsorptivity, as shown in Section C, Chapler 2, wers suba
+itused intc the sbove equations, Thus, the values of the "A's" ard the ~~
: 3" vere known allowing the solution of the sbove equations for the
. ues of [HCCl), [0102"]. and [0102). These concentration values wre then
2ottsd as shown in Figure 2,

An inventory of the veriocus runs used in the caleculations is shown in
le 2. As explained below in Section C of thie chapter, the resuits ox

a2 f the runs made were so erratic that it wves not possible to ineclude

2 in the cal-ulations, It may be noted that the varisbles comsicered

e Lemperatur:, pH and buffer concentration,

‘starpinetion o
folui on of Equatiom 2
afe10.] |k (HOC1]® [C102]" {2)
e

red zlres evalus ion for k.p‘p, m and n. The value of the left hand zide of

Equation 2 at eny time. t cen be ddtermiped by takiig tengents to the curve o
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TABLE 2

Experimentel Conditions and Velue of /pparent Resctlon Vaioclty
Coefficient k.” for Kinetic Runs

Tonic Strength Comstant st 0.3y

F-ry Mo Ingsdel. Initiel “pH ruffer Peanp. P
{uoca) [cxoag nolal oo . 3..1
Y - ‘ :
ﬁao m un.'
M !30?7 8.17 ~.§ 0.1 21-6 m
e h.zil 8037 ~035 0.1 21-3 230
SE- hhl 8.37 535 0.1 21.3 260
3 9." 9.87 k.32 0.2 21.7 3h0
14 4,85 10,06 b3 0.3 22.8 ,s8
<) 5,05 14,50 h.51 0.1 28,2 365
&5 k.90 1h,.52 h.Sh 0.1 23.6 265
El 9,&1 . 90" h.zs 001 22.2 m
3 9.22 10.03 5.2 0.2 22.0 610
9 12,69 10.29 $.01 0.3 2%.2 150
30 2.85 10.19 $.02 0.3 25.8 188
3l 9.71 10.10 N.2M 0.3 25.k 1083
43 9.085 9.90 5.02 0.1 30.7 181
Ll 9.17 10.10 5.00 0.1 30.5 207
45 9.90 10.23 5.00 0.1 30.7 190
L6 9.56 10.23 h.99 0.1 30.8 182
LT 9.3 9.9% 5.87 0.2 30.2 265
k8 9.6 9.7 5.00 0.2 30.2 211
kg 9.70 9.90 5,00 0.2 20,0 225
1 8.97 10,06 5.00 0.3 30.9 22h
52 10.25 10.10 5.0k 0.3 3.0 264
53 9.51 9.68 M2 0.1 30.9 513
=6 9.75 9.7 5,25 02 1,9 10
59 30.3% 10.13 h.19 0.3 50.8 1150
J 9095 9091 ~019 003 3@.15 1230
8 | 9.51 10,03 4.51 0.1 10,8 195
o2 10.29 10.19 5.5 0.1 2.0 135
3 10.39 9.7 _  AS1 0.2 13,6 280
5 9.85 9.65 kb8 0.3 31.5 540
5 10.3h 9.94 kb9 - 0.3 30.3 ko
4 9.75 10.10 h.23 0.2 13.% €00
5 9.61 10,23 4.28 0.3 13.% sho
'8 9.56 10.10 4,22 0.1 128 gLty
T 9.75 10,00 %.51 0.3 o8 K5
8 9.80 10,932 5,52 0.2 12.k 204
9 9.75 10.32 k.53 0.1 12.% 3
0 9.8 9.9% 5.02 0.3 12.2 68
P 9.3 9.9 k.99 0.2 12.2 189
74 100“ 10.(!) k.98 0.1 12.6 1&3
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TASa v oroun time, 82 %&ee:s_ geme instant of time, the value of hypochlorous

L+

234 gad < Yorite comesatretions cen he teken from the seme figure. It
e asshotd, in the initial calculation, that m and n are unity, This
rewmg il o 1 borpe out 4if, Jduring the courze of a single run, the value
Tk romaly conmtent. This was found to be true; thet is, the rate
sdatiun oy be weitten:

__‘LM&, Bapy [HOC1] [€10,7) (2a)

e valuan of kt‘-ﬁ? thus determdned erc shown in Table 2.

BRI e o
In oarteln russ the values of km obtained frow solution of

mstion - at saveral points in time were not reesonadly constant and

wrred vo Jofinite trend. For these sumes mums it wee noted thet the

v

stereyr o riained by Lask cxtrapolation to zero time of the comeentration

Ciew enrore a8 $1lustrated by Flrure 2 414 not metch the sero time value
btadosd 7o lodependent obsermation. Az described im Section £ of
Chapter |, saroe-time velues of concentration of hypochlorous zold sud
wlerd e wers obbalned by incependent spectrophotcmetric reedizyss on

spopr e sazales of ezch of the two resciants. These sgperats sxmpls:

-ooen Eonlanuibed g3 Ballesarplen. The Lwp soravate esamples whic: Bevsra, u}m

e, he rvoeebtion colutior whre sguul in volume) oo @ividing tue macivo.

Crotertrie reqding obtaimed by vy, end walng the moler abecrptivily

Sdusr o0 shown in Tadle 1, T4 vas poroihie 2o compute the saroshin:

cpmer srabion valnes of hypoehiopots wnid and of ehlopite. Hoosw b fopoe

frer v luen wtre not eolpcident She adlwrtvents were sade zgy o lows
i ST fhe twe pointe 85 pot colosid the whole sbooYhoac e fio

x ‘2. o2 o g o P . e i -« T, RPN % A
corvpe Wer ooved werdticoslly To wlilow 1% to pass Sthyroupd e Louid -
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ssmple zero-time value. Sitice the absorbencies due to hypo-
chlorous acid and chlorite ot 357 my ere 80 smell no adjustment

of the cbsorbency-time curve at that wave length was necessery.

2. The new values of absorbancies st 238 and at 260 my thus obtained
were used to recalculate the concentration velues for hypochlorous
acid and chlorite, The inconsistencies noted above, notadbly the
varictions in the kapp values, vere eliminated iv most instances.

D, Evalustion of the Com

. ; of Apparent Reaction Veloeity
Coefficient

It is apparent that the velues of k&pp obtained are influenced

by pH, buffer molality end temperature. Ivaluation of these geveral

variables is discussed in this Section., The wvalues of k teken from

app
Teble 2 are plotted against hydrogen ion activity on Figures 3, 4, rad5.
Ficure 3 is for the values at 12.5°C, Figure & for 23.1°C end Figure 5

for 30.3°C. Oa each of the figures the values of kapp versus (H%)

values ere plotted separately for the different buffer molalities.
Because the computed vslue of kapp was not always constant for a
single run despite the adjustment descridbed in SBection C above, the
range of velues are igdicated by a vertical line on the plot. Straight !
lines were drawn by eye through the plotted points or lines. The

slopee of these straight lines were designated ag S1 and arxe

shown in Table 3.

TABLE 3

Values of Slope (8,) versus (H') &t Buffer. ¥olality and Tempere~

ture Indicated. Dimensions of S

e e e B

, 8re £2 mole"e min:.

Temperature Buffer lMolality Intercept ue of

X 0.1 0:2 Q3  Eyy et (@)=0

12,5 k,0x10%®  6.9x10%°  8,8x10*° 90
23.1 s.m10%®  8.8x20*°  12.9x10%° 100
30.3 7.2x00%  11.9x10%°  15.8020%° 120
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The findte vaive of the fntevespis, end the fincveuse in kapp
values with hydregen {on aceiviey and with buffer selsiity om
Piguras 3 to 5, suggests that the rveacticn rste is general acid
catalyzad -~ che thres acids bedns water, hydrosen fon i baffer.
The form of the eguetion, for esch temparsiure, zuvpasted by the
plot on Pigures 3 to S is:

. (361 18]
Kopp = Ky * k¥ (8] 4 S5 (441 [3)

Ay
1]
s

In which

Rw < that vortior of the rescticn voloeity coefficiont dus to
the oresance of water nuitiplied by the malar ccnceneration
of water in the reaciien. Thne councentzsticn of water is
assumed conatant.

kQ# -that porticn of the reaction veloecity cocfffelient due o
the orescnce of hydrogen ion at buffer colslity egusk ¢o
zevo.

Sa -~ that portion of the reacticn velocity coefiicleont dus to
the buffer molalicy and to hydrowen los 8¢ gsonz valus of
Yuffer molality erester then sewo.

[8] -Buffer molality

At aach of ¢he three tomporatures used in this seszareh,
the intercept vwalucs of kgﬁv at ("¢} = 0 are independsat of
buffer molaliey, Thevefere, the valuss of kw arn $0, 180, =g
127 & wole =t win -t at the tempervacvves of 12.5, 23.1 and 3ﬁa§ﬁ§?

regpectively.
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7. EiLieck of ‘igdrogew I m Activity and Burffer ““olaiity on Reaction

Rage
it may be sesn from Figuresz 3 to 5 thst the reaction race
{ncreases lingexrly with the hydrogen ion activity. Alsc the
race is increased with buffer malality. To evaluate the effect
of each of these two acids the following procadure was used:
The slepe values of the lines on Pilgures 3 to 3, designated
as @1 wvere plotted versus buffer mnlality on Figure 6.
The intercept values at buffer molality equasl zero arxe
designated az k,, 2and the slopes of the lines as Sy, f

The values obtained are gives in Tabie 4.

TABLE 4

s

Values of Constants to be Used in Solntion of Equation (17) f’g
for k& at Temparature Yeted. -

app Y

J

2

Tewp kw kﬂ& SZ g
O% fmole wtn ) 2%mote 2atn™t ¢3mo1e 3ntn™? o
-y’ w

x10™0 x10~% o)

12.5 %0 1.7% 24,2 e«
23,1 100 2.1 35,2 -
7]

30.3 129 3.1 62,9

a

3. Emsmple of Use of Zquatior (i

Let Temp = :0°C, Buffer ‘folality = 6.3, [R¢] = 5x10™°

gnp = %, * kg, [B9] + 5, [B) (4] (10)

8slection of the valuse of zcefficlients froa Table & and

substitutizg values of variables imey ¥yuaeien (10} ypleld:

-4 - .
Bapp ® 120 + [3.1 % 10°) x (5216 %)+ (42952877 2 §563675) = 10.2)

= 120 4+ 135 + 645
= 920

N T oF T
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From Pigure 5 the values obtsined for these conditions is

520 also.

Detarninstion of Ackivptien Eneruies

It 48 noted {rom Pigures 3tobchat tha raaction rate is iaexeased
with tempsrature within the range used im this reseaveh, i.e. 12-30°C,
The data collected mzkes posaible the cosputetion of activation
ocnergies of each of the three components, kw” kﬁ% and sz. Information
on the activation encrgies not only aids in the asnalysis of the
thermodyncmics of the reactiocn dut also mskes possible computation
of the valuss of kapp at ezperimental conditions other than those
usad in the vesearch. To comsute the activation energies the

Arvhenius Bquatisa was used - Equatien (11).

k = 4cE/%F (i
ko gﬂafg’RT (11a)
in which
A = coefficient - "frecaency factor”

E = activation saergy ~ calories
R = gas constent - 1.987 calories dep -1 pote!

T = zbeolute Cemperature — °Relvin

k = reaction velocity coefficient
A streight line defined by plotting 2z k agalnst 1/T weuld yield
a straight line with 2 ziove equal to E/R snd en intercept equal
to fa A.
The values of kw’ kﬂ+ and Sz, taken frem Teble & are plotted
sgainst the vecipronal of the shsolute temperatures om Piguve 7.

The walus of the Arrhenius Equation ceustemge obtained ave shoun

in Table 5.

in 1 mols™ min™!
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TABLE B
Valuee of & end B for the Variocus Components of ka??
& 4
peole” futn™t Calozleafesla
k, 9.2210° 2.64x10°
oy, 2,15z10%° $.4x10°
3, 3,910t 5.5%10°

Substituting the valuss shown in Teble 5 into Eguation (10) ylelds
Bquatica {12)
3 ~2640/RT

2210
kgpp a 9,22 e

+ 2.15510%0 e} o 3400/XT

+ 3.0x10  us] (3] 75500/RT  (12)

To test the validity of Eguation 5 the computed valuss for kﬁp§ are

comperad with observaed values as showz in Table 6.

TABLE 6

Coumparison of Computed end Cbserved Values of kapp for Rens Indicated

Run No. Kzpp.* gaole lmtn~1
Chserved Computed by Eq. (12}
e, 260 362
2 340 833
K7 188 248
36 773 784
85 $69 671

The resuits compare within 15 porcent leonding validity to Bguation 1Z.
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F. Chlorine and Eieectren Balances

If it is assum=d, as ghown in Bguation 1
gHEoCl ¢ t%cmz“ + pC10, + qcaos‘ ¢ &1 (1)

that caly chlorpine dioxide, chiorids &ad chlozate ars foremed by the
reacticn between hypochloreus scid and calorite “thin the range
of the experimental conditions used, then thres Lalenced eguaticns

can be suggested. These are Lgustioms (13), 4}, a=ad (13):

BOC1 + zcwz" + 2010, + ¢i” ¢ 08 (13)
EGCL 4 cxoz" - cms“’ 4 C1™ ¢ Bt €148)
30102" - 23103' +c1 {15}

To test the validity of aseumtng that Equaticas (13), (34}, e=d (19),
are rcasoneble paths for Equation 1 & compariscn was wods of the
values of chloride aund chlorste calculated and the values msesuped.

1. Calculationg for Valuss of Chlopfde and Chiorate Fopmad |

A3g=ad

As daseribad in Scctien A of thie Chepter the cengentraticns
of hypechlorous acid and of chlorite wore calculated et tha
beginning ead also at the end of tha gems. Forthosmoxe, the
concentration of chiorine diomide at the end of & xva wes eslenlated.
Thus , kwwing the smount of hypochlozoes esid e=d chlerite
consumnd 4o tha zeoctica end the axount of chiorice dicmide
Sosmad, by wwe of Bgustiens {13),. {14), znd (13) eha smsents
of chioride end chivzsts formnd comid %o zeadily caleulated.

For szeapie, i€ seven unifs of chlorviye aud Sive uaies of
bvpochiorwr o5id veve used oo forn four uwails of chlovina
dionids by wwe of Sguazliee {1 fony wnits of chiorite and &0
wnits of byposhicrens acid would be comsumed &89 w0 onits of

chiovids formed. Tha vemataing thivee wigs each of hypochiszous

i o T T Sl et

ne st e it AP e et i

-

e




2.

o T C e e

33

gsdd ond chilorigs could be tonsumsd by Bguation (14 to fowm theoe
unice of chiorida =d chlorats., And in the cases wharg tha

relative emoumt of ehlorite ccnsuxad was greater, tha uge of

Eguaticn @ night be nocossary.

3 Enpaeimenial Nata
As dsscribad in Section C of Chapter 2, at the end of each

e, after Rem 25, all of the oxidizing form of chloripe except
chlorate was redueod to chlioride vsinmg hydroxylemine sylfate
gitrated potenticmstrically with silver nitrate. The total amount
of chlorina in the form of hypochlorous agid, chlorite amd
chlorins dioxids, es determined spoctrophotomstrically, was
cubtracted froea the velus of togtal chloride dstsrmined poteatio-
ssteically to yield the value of chloride formad in the reaction.
Also, in & sepavate oporatica, total reduction of all fozms of
oxtdizsing ehlorine to chlovide, was eccomplished on the Jones
roductor. 7The resulting solution was titrated potentiosRetrically.
The difforcnee in total chloride found in the two poteptiometric
gitrations was considezed to be the chierate formid.
Uzfortunately , the laboratory techmique seemed teo have some
shortconings. Chlozins diomfde escapes rapidly from agueous
solution even more rapidly then does hypochlorous acid. Thus,
fn the procses of passing the solution through the Joass reductor
eoluzn soma chlorive diocmide and possibly coma hypochlstous
acid, if precent, wes lost into the atwosphore. The axdunt was
gzall -~ normally core then 95% of the imitial chlorinme was
secounted for in the effluant of the Jones reductor, Howaver,
since the total chiorale wes datermimed by exsll difference

caleslations as described shove the pavcentage evrox ip chlorate

o o —— WY | PE
g

G.
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concontration might be considereble. Bacsuse the Jomes peductor
step was the one most subjeet to exroer,; it was &sew:zed that the
chlorste formad wes siwply the difference between the imftial
tgotal chlorine end the value found by the poteaticmetric
titration of the hydroxylemine sulfate veduetion producis.

That {s, since 4¢ wes shown that the sfflusnt from ths Joues

reductor accounted for 953 plus of the initial chlovime preeemt,

ths: data obtained fvun the reductor was not used.

3.

A comparison of the valucs of chloride and chlorate cbtaimed
by calculations using Squations (13) 44, A5) end odtained by
adjusted experimantal proceduves are chown im Table 7. It may
be noted from Teble 7 that the valuss of chlorids based on cbesr-
vation are usually very siightly higher than thoge ¢bteainsd by
calculstiona. No concrete explanation for this discrepsacy ia
chioride concentraticns i{s offered; however, £t is suggssted
that both the hypochlozous acid aad chlorite scluticns whon
several days old might have decomposed to form chiorides. A 52
or less decomposition of each of the two zeectants would eceount
for the majority of the emccss chloride fouad by the empezicontal
mathod., The valucs of chloxate found by the two msthods axe
different by the gems emount g3 the chloride valucs but in
opposite manmer. This {3 peccssary bacause in both mathods
100% chlorian: balance wes assumad.

Yieclds of Chlorxine Dioxide e

Taube end Dodgen (9) showed by use of redicsctive tracses that
the majority of the chlorite cozsumed wzs craaeformed into chiozins
dioxide and chlorate. This is comsistont with Bguatiens 43, 49, and
(15 - oniy the last one ailows a yileld of chloride frem chlorite sloze

B L
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TABLE 7
Comparison of Chloride si.d Chlorate Values

Found by Computation and by Experiment

Total orate
tuitial chlorine Wc%t. c.l%l-!— Exper.
moles / 2 moles /L moles / 2 moles /2 moles /¢
19.25 5.40 5.23 3.22 3.38
20.79 6.35 5.16 5.06 6.31
20.63 7.31 7.43 S.24 5.08
23.94 6.87 8.28 5.44 4,07
20.04 6.70 8.15 5.73 4.28
19.81 5.79 6.33 3.89 3.35
19.75 6.00 7.43 4.33 2.97
19.27 5.06 6.42 4%.55 4.18
20.13 6.32 6.9% 4.98 4.3
19.79 5.89 6.67 4.78 4.12
19.30 5.63 7.21 4.39 2.81
19.23 6.3% 9.53 5.35 2.17
19.69 6.28 8.12 5.21 3.38
19.03 6.32 9.56 5.22 1.97
20.35 6.66 9.7 5.98 3.57
19.19 — 5.03 5.37 3.1? 2.73
19.456 6.07 5.1% 3.63 3.53
19.450 $.87 8,03 3.97 1.69
20.47 5.58 7.20 3.91 2.28
19.92 5.36 7.62 3.27 2.01
19.54 6.09 6.68 3.78 3.5
20.43 5.24 5.56 3.76 2.43 ‘
20.03 5.97 6,22 4.03 3.77
19.50 5.66 6.33 4,25 3.07
20.28 5.78 6.51 4,21 3.50
19.585 6.6 7.03 2.94 1.36
19.83 4.16 2.11 1.88 3.94
19.56 4.64 5.12 3.71 3.14%
19.75% 5.44 5.45 3.15 2.14
20,12 5.97 4.93 3.17 3.75
20.07 4.99 4,94 2.458 2.4
19.35 5.46 6.40 3.93 2.9
19.30 5.07 6.56 3.31 1.8°
20.64 .19 6.33 3.9 3.0
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acd the smourt is small. The experimentsl results from this research
avrport these findings, The ratios of chlorine dioxide produced to chlorite
ccisumed and chlorate produced to chlorite consumsd are shown ir Table 8.
ik: valuss of the chlorate produced are taken from the calculatious using
¢ aatiens (133, (14), =nd (15).

During th: course of a single run the ratio of chlorine dioxids produced
zo chlerite coasumed. vemained constant, Jt was assumed that the relative
sroportions of chiorate snd chloride produced also remained constamt.

Frem Tabl: 8 it appears that the yisld of chlorine dioxide is enhanced
2y & decrease In pH and reduczed by an increase in temperature and buffer
0 ality, FPl-ures 8, 9, and 10 ave plots of the ratic of chlorine dioxide
ioomed to chlorite consumed 2t the buffer molality and temperature showm.
The datz, thoigh somewhat scattered, showed a definite trend end this is

‘g rly well .. zpproximated by the straight lines drasm by eye im Figs. 8-10.

e

e slopes of the straight lines and the intercepts at zerc nmydrogen ion
erivity ave chown {n Teble 9,
TABLE 9
Slope and Intarcept Valuas of Plots of [C10,] formed

/ [Cloa") consumed at Buffer Molelity and Temperaturss Shosn

for Temparsture °C
3 SN s AZaS L Rl Hs;.
Slopexid Intercopt Slope x 10 Intercept SlopexiCe  Inte:-
capt
[ .05 5 Y .83 - + 48 W53 ol
1o .05 £ 7 J03 Ak B2 . 37
0,0 .05 Ak RER oAl L33 L33

The {nterczgt values, that is, the zilorine dioxide-~chlorxiie raiio

2

. iero bydrogen dlon sctivity taken from Table 3, are plotted for ascih o
tiz thrae temperstur2s on Figure 11, The slope and intercept valuss =pe

¢ uma on Teble 10,



TABLZ % ’

Ratios of Cnlorine Dioxide Produccd to Chlorite Consumed ‘

a3 C‘ﬁlu& avs Pr‘v&écaa 40 Thlawida Oonsimad I

6
Runlﬂo. Tegp. %ﬁ Bu?fer (czoz} fcio=3]) 5&86
o¢ Holslity [c10,~ ] { Cl0 2"1

3N 21,0 4.36 0.1 .52 0.k0 0.91
A%, 21.3 5,35 0.1 .54 0.3k .88
LM 21,3 4,35 0.1 0.56 0.3 .90
8 21.7 h,32 0.2 0.56 0.39 95
1k 22.8 b,b3 0.3 59 31 .90
19 25.2 L.51 0.1 .63 0.27 .90
20 23.6 h.5h 0.1 .66 25 91
24 22,2 4.25 0.1 .53 39 .92
25 22.0 4,21 0.2 .60 .36 .96
27 22,9 5.01 0.1 b2 .50 92
28 23.1 4,01 0.2 R4 .60 1.07
29 2h,2 5,01 0.3 37 .61 .98
30 25.8 5.02 0.3 <3k .60 Ok
31 25.b L.2h 0.3 .5k .39 .93
43 30,7 5.02 .1 U5 .30 .95
Lh 30.5 5.00 .1 45 .18 93
L5 30.7 5,00 J A2 +52 Sh
L6 30.8 4,99 51 i1 .50 51
47 30,2 4.87 o2 b .18 .92
&8 3002 )oee ')2 036 057 -93
Lo 30.0 5.00 o2 «37 ST Sk
51 30.9 5.00 0.3 0.36 .60 0,86
52 31.0 5.04 0.3 .31 .60 .91
53 30.9 h,21 0.1 57 .37 Ol
56 30.9 h,25 0.2 .58 42 1,00
58 30.6 4,19 0.2 .Sk X0 Sk
50 39,8 k.19 0.3 352 .39 91
60 30.6 h.19 0.3 .52 .3k .86
61 30.8 4,51 . 0.1 .56 RY 97
62 31.0 4,51 0.1 <51 Lo 91
63 30.6 L.51 0.2 .51 46 ST
85 31.5 b .48 0.3 U5 A7 .92
66 3003 ,4 hg 003 'l‘7 O% '93
84 13.5 4,23 .2 .68 .30 .98
85 13,7 .28 3 .70 .21 91
&6 12.0 h.22 0.1 .59 .32 91
87 11.5 4,51 0.3 .60 35 ,95
88 12.,,4 hﬁsa 92 068 637 095
89 12.5 4.53 ol 67 .31 .98
20 12,2 5.02 0.3 A8 RS Ok
91 12.2 4,99 2 .5k 40 .9k
92 12.6 4,98 1 55 A8 1.03
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Buffey iloizlity at Temperatess Shown

Tenperatuze Slupe intercept
°¢
12.5 LY 354
23.1 - 37 252
.3 <37 a3

Tuess snelyses allow writing Youaticas (16, (17}, ==d (18).
a 12956(::

{GEﬁEE fovaad

- @ 0.54 - 0.37 {8] + 0.05 x 10”7 {Be} (16}
€19, jronpunsd
st 23.1%C:
[€19,} forzed 5
—csmernonn = (.52 - .37 (8] + 6.U3 x 17° (3 (393
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Ky = 9-2 % 107 & 2880/RT 5 15 4 1510 (uy) ~3400/RT

+ 3.9 x 10!} [8e] [p) o~3300/RT  (12)

The equations are spplicsble detween pH values of about 4 and S
and betwe :n temperatures of about 10 to 35°C with a phosphate
buifer system; &hosg were the experimental conditions under which
this resesrch was conducted. The yield of chlorine dioxide from
chlorite -onsumed varifed, within the experimental conditions
decertbed, from sbout 35 to 652%.
It wss observed that the majority of the chlorite consumed
was oxidi~ed to chlorine dioxide or chlorite wheress thg hypochlsous

actid consvmed was reduced to chloride.

T i



2

2

©

bl

CHAPTER &
MECHANISM OF THE REACYION

The kirvstic apalysis of his research as descrided in Chapter 3 reveals
the rate -° the overall resction in whichk chlorine dioxide 1s formed
" bypochlorcus scid and chiorite is £irst order with respect to the two

~teats under the range of experimencal conditicas used. The zata [

wirtion may thiarefore be writtent

4 [£10,] -
- cma— ! ¥ 2a
-~ = x‘pp {HOCL) [\.102 ] (2a)

Corisermore, this regsearch Meveals that the ratio of hypochlorous acid to
rlurite consurad during the course of a siugle reaction is constant enc
w8 less then unity but the value of the ratio shifts with experimontal
cs8itions, Aleo the relative proporticn of the reaction products (i.e.

“lo:rine dioxidz, chloride and chlorate) shifts vith experimental conditions.

zechanism is suggested as shown in bqustion (19).
T 1
B* + ﬁ*o:n + Cl0,~ 2%, o0, '
E p  e— \,l? 2 ! 1
\ - \"12 !
i , fast \3‘\2‘" fast ™ ci0, + MocL + 5 ¢ ci
€105 + €1” cma' + 01"+ H"

‘ (5}
5 wachanlea i in agreement with the proposal by Teube and Lodgsn . They

‘7o sted that “un lotermedieve (L0, awve the structursl fom.
3

F4
€101
o

e i
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o mecount Tor the observation that chlorime stcas remein distinct sccording

to their origin, i.e. froem the bypochlorous acid and ths chlorite. The
distinction was demomstrated using redicactive chlorine in the hypochlorous aciu
solecule.

As showm in Section G. of Chepter 3 the proportion following each of the
two pathe shifte with experimental conditions., Within the range of the
experissntal cendivions of this research, the yi.id of chlorine dioxide
forzed to chiorite cousumsd varied from a. =t 0.35 to 0.65. To make the
chlovine balanse {Bectiom F Chepter 3} it is necessery to suggest the
dizproportionation of chiorite to foyz chlorste and chloride as shown in
Equation (15) end suggested schematically in Equetion (19). Siace this
resction dogs ot veke place spostamecusly it iz hypothesized that either

tre activalted intermediste or the hypochlorous acid cutalyzes the reaction.

“un Mot R R e

“4
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SLE THERIODYUAMIC CONSIDURATIONS
To check %the spuatomeity of the chemieal reaction proposed in Eguations

(13), (14}, ana (152,

HOCL 20102“’ + 2010, + R (13)
HOCL + C10,”  + cm3° s 01"+ H (k)
30102” > 20103’ ¢ C1 (15)

the concept of change in frec enerpy is employed. The values of F°, the
energy of formation of the ion or molctule &t unit activity, for the approe

priate reagents, ave listed in Table 1ll.

TABLE 11
{10)
V~lues of Free Fnergy ot Unit Activity (¥°)

Comnound or Ion FO x ;9’3
o 40,00
ox” -37.595
€l =31,350
Clﬂa- - 0062
Ci0g~ + 2,740
HOCL -19,110
0102 '4"293159

The change in free energy during the cours. of roaction is &zseribhed

by Equntion (20).

oF = wpm&;cgs = ggreactanta {20)
The free epergy of each of tho conotitusnts is reletsd ¢ 1ts froe
epergy et unit activity (¥°) by Buustiea (21):
Fer®e¢ Ring {21)

in whick

¥ = free energy of formetion of the ioa or molegnle &t umit eotivity

R = gus comatent s 1,957 crlories d@gul W-‘lfi

T = tempuorgturc in degrees Kelvim
a = activity of the iom or melacule

KA
-

"MW%
3
H
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For = resction such as the one described by Bquatiom (19), Equation
(21) moy ba written:

2 ,
AP = g™ ¢+ RT-1n 8°C102 x_ac1- x %o~

) * (22)
sEOCL ,zcmz.

It nuy be noted thet the expression within the parentheses is the equi}”&gigw

conntant {X) of Equation (13). Equation (22) moy be written:

AF = AT® + RTInK (23)
At cauilibrium AF cqu-ls sero. Therefore, Equntion (23) mcy be written:
Ink = :MA!: (2k)
70 = 2P°0100* F'iy” * Fo~ -Pyocs ~2F°gy05
= 3,665 x 103
= 3665
At 27°C: -3665
log K =

2.303 x 1.987 x 300

m K= -20“97 3
Therefore, K = 2,14 x 107

Substituting the value for K obtained above yields Equetion (25).
K = f"zcm2 x 8- X G-

-5 (25}
w00y x * 0,

K = 2.1k x 1073
At o pH of 5, £t 25°C, gpn- * (0E™) = 1x10~7. Substituting this into

Equation (1) yields Lquztion (36):
t . 2.1k x 10"
W

X = 2.1% x 10°

1l x 1lCc~ i o

K'= 42
2 c10; ey~

e?c10,~ apoc1

+
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This shows that at this pH vealue the rerciion shewn by fquation (13)
a8 its equilibrium far to the right.
Sinflerly, for Cquatfcn (14):
] 1]
OF° = Perog * For- * Tut ~ Fhoey - Foror”
AP = .15,600

it 279
c log X = 15,600
2.303 x 1.987 x 300

log X = 13,36
sraln it is evidert that the reaction, st equilidrium, is far to the right.

This is equally true for the reaction shown by Equation (15). The
Joparithm of the epguilidbriur constant, i.e,” log K, is about 20.
3 C10,"— 2 C10,7 + €17
AF° = IF roducts = ¥ peactants
AF° = 21'00103_ + P - 3!“’0102-
a¥° = (2) (-0.62) -31.350 - (3)(2.7h)
AF®° = RT1nK
-b0,81 = ~1.987 x 300 1K
InK = 70

Thereforz, log K = 30

e B RO TN
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CHAPTER 6

SUIT{ARY

Th

1]

reaction, the formation of chlorine dioxide from hypochlorous
acid and chlorite in zqueous solutions, which was studied in the present
research s shown in Equation (1):

7HOCL + hC10; + pCl0a + qCl03 + zCl™ (1)

Since chlorine dioxide, chlorite and hypochlorous acid have different
absorption peaks in the ultra-violet range, the spectrophotometer was
used as the method of analysis for thiz study.

Kinetic analysis of the concentration values of hypochlorous acid,
chlorine dioxide and chlorite changing with time during the course of the
reaction given b, Equation(l) reveals that the rate of the overall reaction
is first order with respect to the two reactants under the range of experi-
mental conditions used. The rate equation may therefore be written:

dfci0,]

— - kgpp [HOCI] [C103] (22)

By assuming that the apparent rate constant {5 the sum of the rate consteuts
due to the three individual acid species existing {n sclution,i.e. water,

buffer and hydrogen ion, {t was possible to write equation {(12):

~2640 -5400
k. ®9.2x10% e ' 4 2,15%1010(H4] ¢ BT 4
app
-5500
RT

3.9x10} 1 [H+] [B]e (12)
The latter two equations are applicable within certain experimental

conditions as determined from data collected for the hundred differeat

trials performed {n this research. The pH must be controlled at & to 5

with a given buffer molality and solution temperasture may be varied from

10 to 35°C.
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Tha yleld of chlorine dioxids from chlorite varied from 35 to 653

within the experimental conditiens described.

It was observed that the majority of the chlorite comsumed was oxidized

to chlorine dioxide or chlorste whereas the hypochlorous acid consumed was

reduced to chloride,

& mzcharnism is suggested, as shown by Equation (19), in which Clzo2

is the activated intermediate complex,

+ ‘%’ a8low
4 <4 HOLL + CLOZ- e 62202

/ | N o
s,.. .

vy
- Py = - .§» -~
c10,” + €1 cie,” +¢1” + y €10, + @OCL + ¥ + CJ

Thisz mechanism suggests that the formation of the intermediate ig the slow

rate detexmining step.
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APPENDIX A

The‘?urification.gg Sodium Caloxite

-

The simplest procedure 18 to prepare a saturated water solution

at. kB-ASDC, filter and cool to about 10°%, The crystals, which

A

are Naciozsazc, are separated from the mother-liquor, placed in

a crystallizing dish and dried in a vacuum oven at 50% and 2-5:mm
of mercury. In drying the material forms a solid mass, It should
be grouud in & mortar and redried for several hours at 60-65°C,

The mxterial should analyze sbove 99.5% and maybe 99.8% if the

atarting material ies in the 99% range.

Washing and dshydration using methyl-alchohol: The crystals of
NaClOzﬁﬂzo cbtained in the above procedure are washed f£irst with 60%

nethyl-alcohol to remove the mother~liquor without precipitating

L e e
oy < RS R

chloride, This is followed by a light wasb with absolute methyl-
alcohol, The crystals are then taken from tne filter and added

to several volumes of absolute methyl-glcohol and stirred to
complete the wraversicn to the anhydrous salt. The crystals are
filtered, wasned with more pure alcohol and dried in a vacuum oven
first at room Levwperature and finally at SOOC. The methyl-alcohol
should contain a small smount of WaOH (1 gm. per liter approx.) to
prevent decomposition of the chlorite., The chlorite shaould not

be exposed to the air wmore then necessary, Puze crystals caa be
grown in fairly lerge size from either a 60 or 80Z methyl-alcohol

solution by slow cooling.
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